Poly(2,7-carbazole) derivatives have been synthesized because they have more extended conjugation lengths and lower energy bandgaps than poly(3,6-carbazole)s; however, few studies regarding electrochemical synthesis of poly(2,7-carbazole)s have been reported.
Introduction
Recently, polycarbazoles have attracted much attention due to their potential application in optoelectronics, such as organic solar cells [1] , organic field effect transistors [2] , and organic light emitting diodes [3] [4] [5] . As conjugated polymers, polycarbazoles can be classified into two types: 2,7-linked and 3,6-linked polycarbazoles. Of these, poly(2,7-carbazole)s are more preferable than poly(3,6-carbazole)s as conducting polymers because poly(2,7-carbazole)s have a more extended effective conjugation length than poly(3,6-carbazole)s [6] [7] [8] . The short conjugation of poly(3,6-carbazole)s is due to nitrogen atoms of the carbazole units, which break the conjugation into discrete cationic units. Chemical polymerization with a catalyst or electrochemical polymerization of carbazole generally results in only poly(3,6-carbazole)s because the 3 and 6 positions are the most reactive sites in carbazole [9, 10] . On the contrary, the synthesis of poly(2,7-carbazole)s is not straightforward because the 2 and 7 positions of carbazole are unreactive. Several approaches have been developed to overcome the barrier to obtaining various poly(2,7-carbazole) derivatives [11] [12] [13] [14] [15] .
Electrochemical polymerization is one of the most useful methods for the preparation of conjugated polymers because electrochemical polymerization can conveniently produce electroactive polymer films without the need for purification [16] [17] [18] [19] . The molecular design of the monomers is very important for electrochemical polymerization because the properties of the monomers make a significant contribution to those of the resulting polymers. However, employment of monomers for electrochemical polymerization are limited by their molecular structures, oxidation potentials, and stability in the electrolytic solution. Therefore, further examination of monomers for electrochemical polymerization is required to promote further development of electroactive polymers. Doskocz et al. reported a theoretical investigation of 3,6-diheteroaromatic carbazole and 2,7-diheteroaromatic carbazole derivatives as monomers for electrochemical polymerization [20] . 2,7-Diheteroaromatic carbazoles were theoretically found to have smaller energy gaps than the 3,6-diheteroaromatic carbazoles. The small energy gaps of these monomers are expected to contribute to a lowering of the bandgaps in the resulting polymers. To date, electrochemical polymerizations of some 3,6-diheteroaromatic carbazole monomers have been reported [21] [22] [23] [24] , however, there have been no reports of the electrochemical polymerization of 2,7-diheteroaromatic carbazoles. Monomers that consist of four-ring conjugated heteroaromatic compounds are expected to have low oxidation potentials, which is supported by a theoretical study [20] . The polymerization activity of such four-ring monomers is higher than that for single-ring heteroaromatic monomers; therefore, they require mild polymerization condition.
In the present research, a series of carbazole monomers was prepared by the introduction of furan, thiophene, and 3,4-ethylenedioxythiophene rings to the 2 and 7 positions of N-alkylated carbazoles. These monomers were then electrochemically polymerized to afford carbazole and heteroaromatic ring based copolymers, which are linked at the 2 and 7 positions of carbazole. Furthermore, electrochemical and spectroscopic analyses of the monomers and the corresponding polymers were conducted to examine their electrochemical and optical properties.
Results and discussion

Monomer synthesis
The synthetic routes to a series of N-alkylated 2,7-di(2-furyl)carbazole (DFCzm, where m = 0-6 and denotes the number of alkyl chains), N-butyl-2,7-di(2-thienyl)carbazole (DTCz4), and N-butyl-2,7-di (2-(3,4-ethylenedioxythienyl) )carbazole (DECz4) monomers are depicted in Scheme 1. The first step is nitration of 4,4'-dibromobiphenyl (1) to afford 4,4'-dibromo-2-nitrobiphenyl (2) . The second step is a ring closure reaction of compound 2 previously reported by Freeman et al. [25] , which affords 2,7-dibromocarbazole (3). The third step is alkylation at a nitrogen atom of the compound (3) in the presence of an alkyl halides as an alkylation reagent, sodium hydroxide as a base, and tetrabutyl ammonium perchlorate as a phase transfer catalyst, to afford N-alkylated 2,7-dibromocarbazoles (DBCzm). The final step is the Migita-Kosugi-Stille coupling of DBCzm and 2-trybutylstannylated furan, thiophene, 4 ] as a catalyst in toluene solution to afford DFCzm, DTCz4, and DECz4, respectively. The chemical structures of the monomers were confirmed by 1 H nuclear magnetic resonance (NMR) spectroscopy. Chemical shifts were measured with respect to tetramethylsilane (TMS). DFCz4, DTCz4, and DECz4 were further characterized using 1 H− 13 C heteronuclear multiple quantum coherence (HMQC) NMR spectroscopy, as shown in Fig. S3 , S4, and S5 (Supporting Information). Fig. 1 shows cyclic voltammograms for the electrochemical polymerization of the monomers. The current responses increased for both oxidative and reductive processes during the 20 scans, which indicated the progress of electrochemical polymerization of the monomers. The anodic current responses of the first scans in these voltammograms correspond to oxidation of the monomers. The onsets of oxidation potentials for the monomers were calibrated using Fc/Fc + and are summarized in Table 1 (the onset oxidation potential of Fc/Fc + measured in the solvent was 0.12 V vs. Ag/Ag + ). The HOMO energies of these monomers were also obtained from the onset oxidation potentials and are summarized in Table 1 . The HOMO energies were calculated with respect to that of Fc/Fc + (−4.8 eV). The monomers have relatively low oxidation potentials, which range from 0.34 to 0.57 V vs. Fc/Fc + (0.46 to 0.69 V, vs. Ag/Ag + ), compared to single ring heteroaromatic monomers (furan ca. 1.4 V [26] , thiophene ca. 2.0 V [27] , and 3,4-ethlenedioxythiophene ca. 1.1 V [28] , vs. Ag/Ag + ). In these four-ring type monomers, the oxidation potentials are mainly dependent on the properties of the external rings. The oxidation potentials of DTCz4 (0.57 V), DFCz4 (0.46 V), and DECz4 (0.34 V) decrease in this order. These results reflect the susceptibility of the single heteroaromatic rings to oxidation and substitution at the 2 and 7 positions of carbazole. Furthermore, the HOMO energies obtained from these results are in good agreement with the calculated ionization energies of these molecules reported by Doskocz et al [20] . In the DFCzm monomers, the alkyl chains attached to a nitrogen atom of the central carbazole unit also influence the oxidation potentials. The oxidation potentials of the monomers increase with the length of the alkyl chain, although alkyl chains are known to be an electron donating group. This may be due to the occurrence of steric repulsion between the substituents, which would result in steric hindrance of the adjacent monomer units in the main chain.
Electropolymerization of the monomers
Optical absorption spectra of the monomers
UV-vis absorption spectra of the monomers in chloroform solutions are shown in Fig. 2 . The DFCzm monomers have similar absorption bands at around 350 and 370 nm. N-alkylated monomers exhibit maximum absorptions at long wavelengths compared to the monomer with an alkyl side chain (DFCz0). This is due to the electron donating effect of alkyl chains attached to the carbazole unit. The maximum absorption wavelength of DFCz0, DFCz1, and DFCz2 increase in this order; however, the monomers with alkyl chains longer than an ethyl group do not exhibit clear red-shifts in the absorption maxima with increasing alkyl side chain length. On the other hand, the absorption spectra of DTCz4 and DECz4 have different shapes and positions of the absorption bands from that of DFCzm. DTCz4 and DECz4 have maximum absorptions at 353 and 365 nm and shoulders at around 370 and 380 nm, respectively. The absorption edges of the monomers with thienyl and 3,4-ethylenedioxythienyl groups are located at longer wavelengths than that of DFCzm, which results in a reduction of the energy gaps between the HOMO and the LUMO levels. The maximum absorption wavelengths and absorption edges of the monomers are summarized in Table 1 . The LUMO energies and energy gaps calculated from electrochemical and optical measurements are also listed in Table 1 . While the alkyl chains affect the electronic and optical properties of the monomers, the external heteroaromatic rings provide further distinct influences to these values. The relative energy gaps of the monomers are also in good agreement with the theoretical values.
Voltammetric behavior of the polymers
Cyclic voltammograms of the polymers deposited on platinum disc electrodes were recorded at various scan rates ( Fig. 3 ). The polymers exhibited reversible redox behavior in the applied potential range from 0.7 to − 0.3 V (vs. Ag/Ag + ). However, irreversible oxidation occurred when the scan range was larger than 0.8 V ( Fig. 4 ), which is due to a cross-linking reaction between the 3 and 6 positions of the carbazole units of adjacent polymer chains. This behavior was previously reported for chemically synthesized poly(2,7-carbazole) derivatives [8, 29] . The onset and oxidation potential peaks and reduction potential trough of the polymers (scan rate of 60 mV/s calibrated using Fc) are summarized in Table 2 . Poly(DFCzm)s has a similar shaped voltammogram with a redox couple at around 0.45 V (vs. Ag/Ag + ). Poly(DTCz4) has a sharp oxidative current peak at around 0.5 V (vs. Ag/Ag + ), a broadened reductive current trough at 0.65 V, and a shoulder at 0.3 V (vs. Ag/Ag + ). Poly(DECz4) has two distinct oxidative current peaks at 0.1 and 0.3 V, a small shoulder at −0. 15 V, and two reductive current troughs at 0.3 and 0.65 V. Although the cyclic voltammogram of the poly(DFCzm)s have similar shapes, the voltammograms indicate a slight increase in the onset oxidation potentials with increase in the alkyl chain length, which suggests that the HOMO levels of the polymers increase with the length of the alkyl chain attached to the nitrogen atom in the carbazole unit.
Electrochromic properties of the polymers
Polymers electrodeposited on ITO-coated glass electrodes exhibited reversible color change during electrochemical redox processes. Fig. 5 , 6, and 7 show respective UV-vis absorption spectra for the poly(DFCz4), poly(DTCz4) and poly(DECz4) deposited on ITO-coated glass electrodes at various applied potentials. The insets show the change of the CIE spectral color coordinates for the polymers. In the reduced state, the absorption bands of poly(DFCz4), poly(DTCz4), and poly(DECz4) are located at approximately 420, 428, and 483 nm, respectively, which is characteristic of π-π* transitions of the conjugated main chain. The intensities of the π-π* transition absorption bands decrease with increased applied potential, while new absorption bands appear at long wavelengths (poly(DFCz4) 600 nm, poly(DTCz4) 600 nm, and poly(DECz4) 640 nm). The new absorption bands indicate the generation of polarons (radical cations) in the conjugated main chain produced by electrochemical doping. During the electrochemical redox processes, the color of the three polymers moved to the red direction of the CIE color coordinates. Poly(DFCz4) and poly(DTCz4) exhibit yellow in their reduced state and blue in their oxidized state ( Fig. S1 and S2, Supporting Information), while poly(DECz4) exhibits a significant change in color from red in the reduced state to dark blue in the oxidized state ( Fig. 8 ).
The optical energy band gaps of poly(DFCz4), poly(DTCz4), and poly(DECz4) were obtained from the onsets of the absorption spectra for the polymers in their reduced states, and were 2.3, 2.3, and 2.1 eV, respectively. The band gap for poly(DTCz4) is smaller than that of the poly(3,6-carbazole) analogues (ca. 2.48 eV) reported by Sezer et al [24] . In addition, the band gap for poly(DECz4) is smaller than that for the poly(3,6-carbazole) analogues (ca. 2.4 eV) reported by Sotzing et al [21] . These results indicate that the poly(2,7-carbazole) derivatives have a well developed effective conjugation length than that of poly(3,6-carbazole) derivatives. (2) . Nitric acid (70%, 25 mL) and acetic acid (99.7%, 15mL) were added dropwise to a solution of 4,4'-dibromobiphenyl (10.0 g, 31.2 mmol) in dichloromethane (20 mL) and acetic anhydride (100 mL) in an ice bath, and the mixture was stirred at room temperature for 1 h. The reaction mixture was neutralized using aqueous potassium hydroxide, extracted with dichloromethane, and then dried over magnesium sulfate followed by filtration. Recrystallization from methanol gave a pale yellow solid (8.4 g, 23.5 mmol, yield = 75.3%). 1 N-methyl-2,7-dibromocarbazole (DBCz1). 2,7-Dibromo-9H-carbazole (3) (0.40 g, 1.2 mmol), iodomethane (0.30 g, 2.1 mmol), sodium hydroxide (0.09 g, 2.3 mmol), and tetrabutylammonium perchlorate (0.022 g, 0.063 mmol) were dissolved in 2-butanone (3 mL), and refluxed. After 12 h, the reaction mixture was extracted with dichloromethane and dried over magnesium sulfate followed by filtration. Recrystallization from ethyl acetate yielded a white solid (0.85 g, 2.1 mmol, yield = 78%). 1 N-ethyl-2,7-dibromocarbazole (DBCz2). 2,7-Dibromo-9H-carbazole (3) (0.60 g, 1.8 mmol), bromoethane (0.30 g, 2.8 mmol), sodium hydroxide (0.14 g, 3.5 mmol), and tetrabutylammonium perchlorate (0.030 g, 0.088 mmol) were dissolved in 2-butanone (5 mL), and refluxed at 30 °C. After 12 h, the reaction mixture was extracted with dichloromethane and dried over magnesium sulfate followed by filtration. The residue was purified by silica gel column chromatography followed by evaporation to afford a white solid (0.62 g, 1.8 mmol, yield = 95%). 1 N-propyl-2,7-dibromocarbazole (DBCz3). 2,7-Dibromo-9H-carbazole (3) (0.60 g, 1.8 mmol), 1-bromopropane (0.35 g, 2.8 mmol), sodium hydroxide (0.14 g, 3.5 mmol), and tetrabutylammonium perchlorate (0.030 g, 0.088 mmol) were dissolved in 2-butanone (5 mL), and refluxed at 66 °C. After 12 h, the reaction mixture was extracted with dichloromethane and dried over magnesium sulfate followed by filtration. Recrystallization from hexane afforded a white solid (0.64 g, 1.7 mmol, yield = 94%). 1 N-butyl-2,7-dibromocarbazole (DBCz4). 2,7-Dibromo-9H-carbazole (3) (0.91 g, 2.8 mmol), 1-bromobutane (0.47 g, 3.4 mmol), sodium hydroxide (0.22 g, 5.5 mmol), and tetrabutylammonium perchlorate (0.047 g, 0.14 mmol) were dissolved in 2-butanone (6 mL), and refluxed at 70 °C. After 12 h, the reaction mixture was extracted with dichloromethane and dried over magnesium sulfate followed by filtration. The residue was purified by silica gel column chromatography followed by evaporation to afford a white solid (1.02 g, 2.7 mmol, yield = 95%). 1 N-hexyl-2,7-dibromocarbazole (DBCz6). 2,7-Dibromo-9H-carbazole (0.70 g, 2.2 mmol), 1-bromohexane (0.53 g, 3.2 mmol), sodium hydroxide (0.18 g, 4.5 mmol), and tetrabutylammonium perchlorate (0.030 g, 0.088 mmol) were dissolved in 2-butanone (6 mL), and refluxed at 70 °C. After 12 h, the reaction mixture was extracted with dichloromethane and dried over magnesium sulfate followed by filtration. The residue was purified by silica gel column chromatography followed by evaporation to afford a white solid (0.85 g, 2.1 mmol, yield = 96%). 1 N-butyl-2,7-di (2-(3,4-ethylenedioxythienyl) )carbazole (DECz4). N-butyl-2,7-dibromocarbazole (0.30 g, 0.79 mmol), 2-tributylstannyl-3,4-ethlenedioxythiophene (0.68 g, 1.58 mmol), and Pd(PPh 3 ) 4 (0.020 g, 0.017 mmol) were stirred in 4 mL of toluene under nitrogen atmosphere at 90 °C. After 24 h, the mixture was purified by silica gel column chromatography followed by evaporation to give a pale green solid (0.31 g, 0.62 mmol, yield = 78%). 1 
Experimental
3.1. Synthesis 4,4'-Dibromo-2-nitro-biphenyl
2. Electropolymerization
The monomers were electrochemically polymerized using repeated potential cycling with a three-electrode system to afford the poly(2,7-carbazole) derivatives (Scheme 2). The three-electrode system consists of a platinum disc or indium tin oxide (ITO)-coated glass working electrode, an Ag/Ag + reference electrode, and a platinum wire counter electrode. Electrochemical polymerization of the monomers was conducted using electrolytic acetonitrile solutions containing 0.5 mM of the monomers and 0.1 M of tetrabutyl ammonium perchlorate at a scan rate of 100 mV/s.
Cyclic voltammetry of the polymers
Cyclic voltammetry of the polymers deposited on ITO-coated glass electrodes was carried out in a monomer-free electrolytic acetonitrile solution containing 0.1 M of tetrabutyl ammonium perchlorate at scan rates of 10, 20, 40, 60, 80, and 100 mV/s.
UV-vis absorption spectroscopy
UV-vis optical absorption spectroscopy of the monomers was carried out in chloroform solutions with a monomer concentration of 0.02 mM. UV-vis absorption spectra of the polymers deposited on ITO-coated glass electrodes with various applied potentials were also measured using the three electrode system.
Conclusions
The electrosynthesis of low band gap poly(2,7-carbazole) derivatives was realized by the electrochemical polymerization of 2,7-heteroaromatic carbazole monomers. Cyclic voltammetry revealed that the monomers prepared by introduction of heteroaromatic rings to the 2 and 7 positions of carbazoles have low oxidation potentials, which is in good agreement with the previously reported theoretical study [20] . The electrochemical and optical properties of the monomers are strongly dependent on the external heteroaromatic rings attached to both sides of the carbazoles. The polymer prepared from the monomer with 3,4-ethylenedioxythienyl rings had the lowest oxidation potential and the smallest optical energy gap, and is the most electroactive polymer of those prepared in this study, with the smallest energy bandgap of 2.1 eV. The polymer exhibited a significant color change from red in the reduced state to dark blue in the oxidized state during the electrochemical redox process. In addition, some of the synthesized polymers have lower energy bandgaps than those of previously reported poly(3,6-polycarbazole) derivatives, indicating that the poly(2,7-carbazole)s form a well developed effective conjugation length. Thus, low bandgap poly(2,7-carbazole)s prepared by a convenient electrochemical method could be promising candidates for the mass production of optoelectronic materials. Table 1 . Oxidation potentials (E onset,ox ) (vs. Fc/Fc + ), maximum absorption wavelength (λ max ) and onset wavelength (λ onset ) of optical absorption, HOMO and LUMO energies and energy gaps (ΔE) determined from the results of cyclic voltammetry and optical absorption spectra of the monomers. Table 2 . Oxidation onset and peak potentials, and reduction peak potentials of the polymers (vs. Fc/Fc + ). . Fig. 7 . UV-vis absorption spectra of poly(DECz4) at various applied potentials (vs. Ag/Ag + ) (top: oxidation process; bottom: reduction process). Insets show CIE color coordinates of the polymer. 
